Most natural visual tasks involve the extraction of visual features from suprathreshold contrast backgrounds, hence an understanding of how ageing impacts on contrast mechanisms is essential to understand elderly visual function. Previous studies have revealed increased perceptual surround suppression of contrast in older adults. We aimed to determine whether such age-related effects depend on the centre or surround stimulus contrast as the neurophysiological mechanisms underpinning contrast-contrast suppression depend on such contrast relationships. We also measured surround suppression of contrast for longer duration and shorter duration stimuli to explore for effects of surround adaptation Fifteen younger and 15 older adults performed a centre-surround contrast discrimination task for a variety of centre-surround contrast combinations (20%, 40% and 80% contrast). Stimulus duration was 500 ms. The 40% centre, 80% surround condition was also presented for 100 ms duration. Relative to younger adults, perceptual surround suppression was increased for the older group for low, but clearly suprathreshold, central contrasts (20% contrast), whilst both groups performed similarly for stimuli with high centre contrasts. Data was best fit by a model with both increased inhibitory and excitatory weightings in the older group. Reduced stimulus duration increased perceptual surround suppression for both groups consistent with reduced adaptation to the surround, and did not explain the difference in suppression magnitude between groups. Understanding the stimulus parameters that elicit increased surround suppression in older adults is key to directing future work exploring underlying neural substrates, in addition to potentially being useful for predicting performance on more complicated natural visual tasks such as object and scene perception.
Introduction
In recent years, there has been considerable study of the age-related effects on centre-surround cortical mechanisms within the human and primate visual system. Much of this research has been motivated by observations from primate research that are consistent with a reduction in inhibitory function within the ageing visual cortex (Leventhal et al., 2003; Schmolesky et al., 2000) . The theory of altered inhibition is supported by neurophysiological evidence for altered cellular properties that are known to depend, at least in part, on inhibition. For example, orientation tuning and direction selectivity of neurons are both reduced in the aged non-human primate primary visual cortex. Conversely, spontaneous and visually evoked neural activity is increased (Leventhal et al., 2003; Schmolesky et al., 2000) . Leventhal et al. (2003) showed that after GABA administration to individual V1 cells in aged primate, the percentage of orientation biased neurons increased from 39% to 81% of cells tested. A more recent study has shown that the strength of surround suppression is decreased in suppressive V1 neurons of older primates (Fu et al., 2010) . Neurons of older animals that were less orientation and direction selective, exhibited significantly reduced surround suppression (76% of neurons tested). The remaining neurons, that did not show reduced orientation selectivity, exhibited similar suppression to those of younger monkeys. The authors suggested that the findings of age related alterations of orientation and direction tuning (Leventhal et al., 2003; Schmolesky et al., 2000) , might be linked to the same mechanism underpinning a decrease in neuronal surround suppression (Fu et al., 2010) .
Neuronal centre-surround effects result from a complex network of excitatory and inhibitory connections (Angelucci & Bressloff, 2006; Angelucci & Bullier, 2003; Chisum & Fitzpatrick, 2004) hence any process that alters the balance between inhibition and excitation may alter the net balance of these connections. In humans, there are several psychophysical tasks that are understood to provide perceptual analogues of neural centre-surround suppression. One such task is the contrast-contrast phenomenon, where the perceived contrast of a given stimulus can vary depending on the context in which it is presented (Cannon & Fullenkamp, 1991; Yu, Klein, & Levi, 2001 ). An alternate method that has been used to explore perceptual effects of surround suppression is the motion discrimination task originally described by Tadin et al. (2003) . Increasing the size of a high contrast drifting stimulus makes it harder to determine the direction of its motion. This is measured as an increase in duration threshold; the amount of time the stimulus is required to be presented in order to correctly identify the direction of the motion. An increase in duration threshold for large, high contrast stimuli, relative to smaller stimuli, has been suggested to represent surround suppression from the centre-surround antagonistic properties of neurons in visual area V5 (Tadin et al., 2011 (Tadin et al., , 2003 .
A simple theory of reduced inhibitory function in ageing, leads to predictions of reduced perceptual surround suppression in older adults. There is support for this in the literature. Betts et al. (2005) found by using the motion discrimination task (Tadin et al., 2003) , that older adults produced shorter duration thresholds for large, high contrast stimuli, indicating that they were better able to discriminate the direction of motion of a large, high contrast stimulus than younger adults. The improvement in performance with age was suggested to be due to a decrease in surround suppression. However, contrast-contrast tasks lead to the opposite result. Using the contrast-contrast discrimination task, we have previously shown that perceptual surround suppression is increased in older adults leading to greater contrast suppression. An increase in contrast suppression in older groups is replicable, and has been observed for high contrast textured stimuli (Karas & McKendrick, 2009) , grating stimuli, both in-phase and out-of phase between centre and surround (Karas & McKendrick, 2011) and for drifting stimuli (Karas & McKendrick, 2012) . The seemingly conflicting findings for the motion duration task and the centre-surround contrast task are potentially informative regarding the mechanisms underpinning these perceptual phenomena and the intersection of these with the ageing process. A disconnect between the outcomes of these measures is not the case for other conditions where centre-surround tasks have been used as perceptual analogues of cortical inhibition such as migraine and schizophrenia (Battista, Badcock, & McKendrick, 2010 Dakin, Carlin, & Hemsley, 2005; Tadin et al., 2006) . While there are a number of differences between the motion duration task and the perceived contrast task, key differences are the uniformity of contrast across the stimulus for the motion task (relative to the different centre-surround contrasts in the perceived contrast task); and considerable differences in stimulus duration (thresholds of approximately 100 ms for the motion task, and typical stimulus displays of 500 ms for the contrast task). The purpose of our current experiments was to determine whether either the centre-surround contrast configuration or stimulus duration, can shed light on why older adults show increased rather than the predicted decrease of suppression with the contrast-contrast task.
Both neurophysiological (Cavanaugh, Bair, & Movshon, 2002b; Levitt & Lund, 1997; Schwabe et al., 2010) and psychophysical (Cannon & Fullenkamp, 1991; Xing & Heeger, 2001; Yu, Klein, & Levi, 2001 ) experiments demonstrate that the balance between suppression and excitation depends on the ratio of contrast between centre and surround. Behaviourally, the amount of surround suppression versus enhancement is typically dependent on the contrast ratios between centre and surround, with surround suppression when the surround contrast is higher than the centre and surround enhancement when the surround contrast is lower than the centre contrast (Ejima & Takahashi, 1985; Xing & Heeger, 2001 ). Centre-surround interactions at a cellular level in V1 also depend on centre and surround contrast (Levitt & Lund, 1997; Webb et al., 2005) , with response properties suggesting different input mechanisms depending on contrast. When stimuli are high contrast, surround suppression is strongly orientation tuned, with suppressive effects present when the orientation of the centre and surround are matching (Levitt & Lund, 1997) . At low contrast, suppressive effects do not display this orientation tuning (Levitt & Lund, 1997) . Webb et al. (2005) varied the contrast between the centre and surround, and showed that when the centre contrast was low, V1 suppressive tuning was broadband and monocularly driven and when the centre contrast was high, spatiotemporal tuning was sharp and binocularly driven. The authors suggest that the origins of the different contrast dependent surround suppression responses include early in the visual pathway (possible the LGN or input layers of V1) and then later, within V1 and/or feedback from extrastriate areas (Webb et al., 2005) . This evidence for the mechanisms of contrast suppression being dependent on contrast relationships between the centre and surround areas forms motivation for our first experiment in this study.
We also investigated the effect of reducing stimulus duration for the perceived contrast task. When a stimulus is high contrast, surround adaptation results in the surround being less effective at suppressing the centre with increasing stimulus duration (Cavanaugh, Bair, & Movshon, 2002a; Patterson, Wissig, & Kohn, 2013; Wissig & Kohn, 2012) . It is plausible that the increase in surround suppression demonstrated by older adults for centre-surround contrast stimuli, is not due to an increased suppressive effect per se, but due to a reduction in adaptation. In this case, older and younger adults should perform similarly for shorter presentation durations (where surround adaptation has not yet been activated) but perform differently at longer presentation durations after surround adaptation is present. Our second experiment tests this hypothesis.
Materials and methods
The current study included two groups: 15 young adults (20-30 years) and 15 older adults (65-79 years). Ethics approval was granted by the Human Research Ethics Committee of The University of Melbourne and all participants provided written consent prior commencing the research according to a protocol consistent with the Declaration of Helsinki. Participants attended for two sessions of up to 2 h in duration. The first visit included a general eye examination (refraction, ophthalmoscopy, slit lamp and tonometry) to ensure study eligibility. Participants' best corrected visual acuity was required to be 6/7.5 or better with a refractive error limit of ±5D spherical with 2D of astigmatism. Normal findings of ocular health assessment for age including anterior eye and optic nerve assessment were required. Participants also provided information about their general health, to exclude people with systemic conditions known to affect visual function (for example, diabetes, migraine, schizophrenia, and epilepsy) or who were taking medications known to affect visual function (e.g., anti-anxiety or anti-depressant medications).
Experiments were conducted using a personal computer with a gamma-corrected Sony G520 21-inch CRT monitor (frame rate 120 Hz, resolution 800 Â 600 pixels, and maximum luminance 100 cd/m 2 ). Custom software was written in Matlab 7.0 (Mathworks, Natick, MA, USA) and stimuli were displayed using a ViSaGe graphics system (Cambridge Research Systems, Kent, UK). Stimuli were viewed binocularly from a distance of 1 m, maintained using a chin rest.
Experiment 1
The stimulus consisted of a small central circular patch of sinusoidal grating (0.67°diameter, 4 c/deg) that was presented either alone or surrounded by an annulus of the same grating (4°dia-meter, 4 c/deg). Both centre and surround gratings were oriented vertically and were in the same phase. There were three contrasts for the centre stimulus (20%, 40% and 80%) and three contrasts for the surround (20%, 40% and 80%) resulting in nine centre-surround conditions. A 0.1°gap was inserted in order to enable identification of the centre and surround when they were of equal contrast (see Fig. 1 ). The gap was present for all contrast combinations in order to keep any effects of gap consistent across all conditions.
A two-interval forced choice procedure (2IFC) was used where the observer was required to nominate which interval contained the central patch that appeared to be of higher contrast. During the first interval a test central patch of variable contrast was presented for 500 ms. After an inter-stimulus interval (ISI) of 500 ms, a second interval displayed a central target surrounded by the annulus again for 500 ms. The contrast of the central patch presented alone (1st interval) was determined using a 1-up, 1-down staircase procedure. The contrasts of the centre and surround (2nd interval) were kept constant. In order to obtain a contrast matching threshold, when the observer reported the isolated patch to be higher in contrast, the contrast was reduced by a step size of 10% of the central contrast. If the isolated patch was reported to be of lower contrast, then it was increased by a step size. Similar staircase procedures have been previously used to measure centre-surround suppression (Kilpeläinen, Donner, & Laurinen, 2007; Xing & Heeger, 2001 ). The staircase terminated after 10 reversals with the average of the last eight reversals being used as an estimate of perceived contrast. The task was run four times for each contrast condition with the final perceived contrast being the average from the four runs (4 Â 8 reversals). A suppression ratio was calculated (perceived contrast/physical contrast) to quantify the strength of the centre-surround interactions. A value below 1 indicates surround suppression, while a value above 1 indicates enhancement.
Contrast thresholds for central stimulus alone
Contrast thresholds were measured for each observer to ensure that the 20% contrast stimulus was suprathreshold as it is well documented that contrast sensitivity declines with increasing age (Elliott, 1987; Elliott, Whitaker, & MacVeigh, 1990; Owsley, Sekuler, & Siemsen, 1983; Sloane, Owsley, & Alvarez, 1988; Wright & Drasdo, 1985) . Contrast threshold was measured using a 2IFC procedure where observers were required to nominate which of two intervals contained the small target grating (0.67°). The two intervals were indicated by audio cues. Observers were instructed to identify if the target appeared in the first or second interval. Stimuli were presented using a Method of Constant Stimuli (MOCS) with 7 contrast levels. Each contrast level was presented 10 times per run, with at least two runs performed by each observer (minimum of 140 trials). An initial MOCS procedure (10 contrast levels, presented 4 times each) was conducted to estimate the midpoint of the psychometric function and to provide training prior to the main task. Fifteen younger and 13 older observers from Experiment 1 completed this task.
The contrast threshold data collected was used to generate psychometric functions of performance for each observer. Best fitting functions were found using Eq. (1) (Marquart-Levenberg algorithm) in SigmaPlot 8.0 (SPSS, Chicago, IL, USA).
where a is where the stimulus is detected on 75% of the trials, and b provides a measure of the spread of the function.
Modelling
Xing and Heeger (2001) published a computational model of perceptual centre-surround interactions. The basis of the model has been previously used to fit psychophysical contrast discrimination data (Boynton et al., 1999; Foley, 1994) and is closely related to models of the responses of V1 neurons (Albrecht & Hamilton, 1982; Heeger, 1992) :
where R m is the response (firing rate), C m is the contrast of the isolated patch, a, p and q are free parameters and k is a constant. Based on Heeger's normalisation model, where a visual response is normalised by the pooled activity from neighbouring neurons, Xing and Heeger (2001) extended Eq. (2) to include surround suppression and surround enhancement with the final model being
where R t is the response to the central stimulus, C t is the central contrast, C s is the surround contrast, W i is the suppression weight, q i is the exponent of the surround suppression, W e is the enhancement weight, p e is the exponent of surround enhancement. Full details of the model development are available in Xing and Heeger (2001) . The response to the central patch is determined by four components (local excitation, local inhibition, surround excitation and surround inhibition). These four components are characterised by an exponent parameter in the model p, q, p e , and q i , respectively. Three weights a, W e and W i determine the relative contributions of local excitation, surround excitation and surround inhibition, respectively.
The model of Xing and Heeger (2001) was fit to our data for each individual participant. Xing and Heeger (2001) fixed some of the parameters, p = 2.3, q = 2, and a = 0.01, as minimal differences in the model fits were seen when these parameters were adjusted. These parameters were also fixed here. While Xing and Heeger (2001) additionally fixed q i and p e , these parameters were floated for some of the model fitting conducted here. In addition, the main parameters of interest, W e and W i , were also floated, consistent with Xing and Heeger (2001) . Constraints were set for the variable parameters such that p e and q i were P0.001, W e was 63 but >0, and W i was 63 but >0.
Experiment 2: Temporal properties of surround suppression
Experiment 2 investigated whether reducing the stimulus presentation time altered the relative difference in surround suppression between older and younger adults. For the stimulus combination of 40% centre, 80% surround contrast, the perceived contrast was measured for stimuli that were presented for 100 ms. 100 ms was chosen because it is similar to the duration thresholds obtained using motion discrimination tasks where older adults appear to have weaker rather than stronger surround suppression (Betts et al., 2005; Karas & McKendrick, 2012) . Experimental procedures were identical to Experiment 1 with the exception of the shorter stimulus duration (100 ms). Experiment 1 and 2 were performed concurrently within the 2 test sessions, hence the 40/80% contrast combination was chosen based on prior studies which had shown increased surround suppression in older adults for comparable stimulus contrasts (Karas & McKendrick, 2009 . All fifteen younger observers and thirteen of the older observers from Experiment 1 completed this experiment.
Results

Experiment 1:
Varying centre-surround contrast ratios 3.1.1. Contrast thresholds Group and individual data are plotted in Fig. 2 , which shows increased mean thresholds for older adults compared to younger observers (young: 0.93% ± 0.33, older: 1.45% ± 0.63; t(17.45) = À2.67, p = 0.02). The highest measured threshold was less than 3%, hence the minimum reference contrast of 20% within the main experiment was suprathreshold for all observers. Fig. 3 plots the group mean data for the different surround contrasts (20%, 40% and 80%). Both age groups showed an increase in surround suppression with increasing surround contrast (Fig. 3 -Panel C compared to Panel A). Suppression was greatest when surround contrast was higher than centre contrast, with little suppression or alternatively enhancement when the centre contrast was higher than the centre. A mixed-design ANOVA was used to analyse the suppression ratio data, with factors of age, centre contrast and surround contrasts. Groups performed differently with an overall increase in surround suppression in the older group (main effect of group: (F(1, 28) = 6.88, p = 0.01). Differences between the groups were greatest when centre contrast was low, with groups performing similarly when the centre contrast was high (80%) (group x centre interaction: F (1.419, 28)=5.89, p = 0.01). There was no surround x group interaction (p > 0.05).
Contrast discrimination task
Additional RM-ANOVAs were run investigating centre and surround contrasts individually. When comparing centre contrasts (Fig. 4) , groups performed differently when surround contrasts were 20% and 40% but not when the surround was 80% (p = 0.01, p = 0.01, p = 0.18 respectively). Significant centre contrast x group interactions (when surround was 20% and 40% contrast) suggest that the difference between groups for suppression was dependent on the centre contrast (20%: p < 0.01, 40%: p = 0.005). Similarly, when comparing surround contrasts, groups performed differently when centre contrasts were 20% and 40% but not at 80% (p = 0.02, p = 0.01, p = 0.43 respectively). Fig. 5 shows the conditions where centre and surround contrasts were equal and demonstrates increased suppression for the older aged group (F(1, 28) = 16.81, p < 0.01), when the contrasts were 20% and 40% but similar performance when centre and surround contrasts were 80%, (group x contrast interaction: F(1.82, 50.92) = 4.28, p = 0.02).
Modelling
Two models were fit: one where only W e and W i (weights of enhancement and suppression, respectively) were floated and the other where the exponents q i and p e (exponents for suppression and enhancement, respectively) were also floated (see Eq. (3)). Comparing the two model fits using an F-test revealed no differences between the goodness of fits between conditions and therefore the data reported here is from the simpler condition where only W e and W i were floated. Fig. 6 plots the weights W e and W i for each group. These parameters differed between the two age groups [F(1, 28) = 5.366, p = 0.03], without a parameter x group interaction [F(1, 28) = 1.53, p = 0.23], demonstrating that older observer data was best fit with an increase in both the inhibitory and excitatory parameters relative to the younger group. In order to further investigate any difference in the balance of inhibition and excitation between the two groups the ratio of excitation and inhibition (W e /W i ) was calculated and compared using a t-test. Results of the analysis confirms that the balance of excitation and inhibition was not different between the two groups (t(28) = À0.739, p = 0.466). Fig. 7 shows that both age groups had increased suppressive effects for the shorter presentation duration (100 ms) when compared to the 500 ms presentation time [F(1, 26) = 34.567, p < 0.001]. Decreased suppression for longer duration stimuli is consistent with increased surround adaptation with increasing stimulus duration. For high stimulus contrast, adaptation results in the surround being less effective at suppressing the centre with increasing stimulus duration (Cavanaugh, Bair, & Movshon, 2002a; Patterson, Wissig, & Kohn, 2013; Wissig & Kohn, 2012) . The older group had increased suppressive effects relative to the younger group at both time points (main effect of group: F(1, 26) = 10.78, p = 0.003; no significant interaction between presentation duration x group: F(1, 26) = 1.90, p = 0.18).
Experiment 2: Perceptual surround suppression for shorter duration stimuli
It is worth noting that the distribution of data for the 500 ms stimulus for the older adults in Fig. 7 appears bimodal. Twenty distributions of data were collected in this study (9 for each group in Fig. 4 and additionally the 100 ms data for each group in Fig. 7) . The 500 ms older adult data for the 40/80% contrast stimulus was the only one of these twenty distributions to fail the assumption of normality (Shapiro-Wilk test, p < 0.05). To confirm the conclusions of the parametric data analysis above, we also ran a bootstrapping procedure (10,000 samples with replacement). The results of the bootstrapping confirmed the results from the RM-ANOVA. The mean performance of older and younger groups differed at each time-point [95% CI of mean younger-mean older for 100 ms was 0.08-0.31; and for 500 ms was 0.02-0.21]. The magnitude of the between group difference did not vary with stimulus duration [95% CI of the difference between the group means for 500 ms subtracted from the difference between the group means for 100 ms was À0.07 to 0.24].
Discussion
This study explored how varying the centre versus surround contrast alters perceived contrast in younger and older adults. In both groups, an increase in surround suppression with increasing surround contrast was observed, consistent with previous studies of small groups of observers (Kilpeläinen, Donner, & Laurinen, 2007; Xing & Heeger, 2001) . Suppression was greatest when the surround contrast was higher than the centre contrast, with little suppression or alternatively enhancement when the centre contrast was higher than the surround (Ejima & Takahashi, 1985; Xing & Heeger, 2001 ). An overall increase in surround suppression of contrast was present in the older group compared to younger observers. Our data shows that the increase in surround suppression in older adults was more prominent for low contrast stimuli and especially when the centre contrast was low. When stimulus contrasts were high (as for the 80/80% contrast combinations) and moreover when the centre stimulus was high contrast, the two groups performed similarly.
The model of Xing and Heeger (2001) was fit to the centre-surround contrast discrimination data. On average, the model fit to the older adults required a relative increase in both surround enhancement and suppression compared to the younger adults. The neural circuitry of centre-surround receptive properties in primary visual cortex is complex and incompletely understood (Angelucci & Bressloff, 2006; Angelucci & Bullier, 2003; Schwabe, 2006; Schwabe et al., 2010; Shushruth et al., 2012) . It may be reasonable to assume that a decrease in GABA-ergic inhibition within the ageing system, as predicted by primate neurophysiology (Leventhal et al., 2003; Schmolesky et al., 2000) , may result in an overall increase in excitation within the cortex. Yet our data shows increased inhibition of contrast. The near surround of receptive fields in primary visual cortex receives excitatory feedback from extrastriate areas to drive inhibitory interneurons (Angelucci & Bressloff, 2006) . Hence, a speculative possibility is that reduced cortical GABAergic inhibition might increase the excitatory feedback to lateral connections, counterintuitively increasing the perceptual inhibitory response. Indeed, the model applied to our data suggests no difference in the relative weighting between inhibition and excitation in older adults, consistent with this speculation. Nevertheless, the circuitry is complex and partially understood, as are the precise roles that GABAergic neurons contribute to visual perception. There are at least 14-17 different types of GABAergic neuron in the cortex, with an array of GABA receptive subtypes (Gupta, Wang, & Markram, 2000) and the understanding of how these vary in development and ageing is only very partially complete (Pinto et al., 2010) . In addition to the cortex, suppressive mechanisms within the LGN or fed-forward from LGN may also be important (Bonin, Mante, & Carandini, 2005; Webb et al., 2005) . The systems of neurophysiological mechanisms that underpin spatial lateral interactions are still not entirely understood. Nevertheless, our data may be used to suggest new experiments that might contribute to mechanistic interpretation.
Neurophysiological studies in primate V1 have demonstrated that at a single cell level, the relative importance of the varying neuronal connections responsible for the central response depends on the centre and surround contrasts. For example, the orientation tuning of centre-surround responses depends on contrast. Levitt and Lund (1997) showed that for high contrast stimuli, surround suppression was only present when the orientation of the centre and surround were matching. However, when the centre stimulus was of low contrast, surround suppression was present irrespective of orientation difference. Additionally, it was shown that when the centre contrast was low, tuning was broadband and monocularly driven and when the centre contrast was high spatiotemporal tuning was sharp and binocularly driven (Webb et al., 2005) . These results suggest that surround suppression for lower contrast stimuli has a strong contribution from early in the visual pathway (possible the LGN or input layers of V1). It has been previously assumed that differences in perceptual surround suppression in older adults arise cortically (Betts, Sekuler, & Bennett, 2009; Betts et al., 2005) , however the greater age-related effects for lower central contrasts point to involvement earlier in the visual pathway. Our data suggests a pre-cortical contribution, which could be tested in future experiments, for example, via dichoptic testing.
It is worth noting that previous experiments have demonstrated that increased surround suppression of contrast is not readily explicable by reduced contrast sensitivity in older adults (Karas & McKendrick, 2009; McKendrick, Weymouth, & Battista, 2013) . Specifically, in an earlier study we individually determined the centre-surround stimulus contrast for younger adults to approximately match the effective contrast of the aged group. On average, the older group was presented with a stimulus contrast of 70% centre, 40% surround, while the on-average younger group stimulus contrast was 35% centre, 20% surround. Significant between group differences in contrast suppression remained, with the older group still demonstrating on-average increased contrast suppression relative to the younger group (Karas & McKendrick, 2011) .
In Experiment 2, perceptual surround suppression for the 40/80% contrast combination was measured for a shorter duration stimulus in an attempt to reduce effects of surround adaptation. In primate and cat primary visual cortex, surround adaptation has been demonstrated for high contrast stimuli where the effect of the surround is weakened once adaptation has taken place (Cavanaugh, Bair, & Movshon, 2002a; Durand et al., 2007; Wissig & Kohn, 2012) . We hypothesised that the increased surround suppression observed in older adults for longer duration stimuli might actually arise from altered adaptation because stronger suppression is predicted if adaptation to the surround is weakened. Our data does not support this hypothesis as older adults showed an increase in surround suppression for both the longer and shorter stimulus presentation times compared to younger adults. Notably, in both age groups our data was consistent with the idea that surround adaptation decreases surround suppression strength with increasing stimulus duration (Patterson, Wissig, & Kohn, 2013; Wissig & Kohn, 2012) , however there was no age-related difference in this effect. Although we did not find evidence for adaptation being a key driver of the differences in surround suppression found between the two age groups, previous studies show that ageing can affect some types of adaptation including dark adaptation (Jackson, Owsley, & McGwin, 1999) and blur adaptation (Elliott et al., 2007) , however, most of these are processes that require significantly longer timescales. Recently, however, it has been shown that rapid contrast adaptation (adapting stimulus 1000 ms) is not affected in older adults when compared with a younger group (Lek, Vingrys, & McKendrick, 2014) . It is possible that the 100 ms stimulus presentation time was still too long to reveal any differences in the timing of surround adaptation in the older group as contrast adaptation in V1 requires only tens of milliseconds (Kohn, 2007) , although it was clearly brief enough to change perceptual suppression strength. We chose a presentation time of 100 ms because it is a similar timescale to duration thresholds for the motion suppression task (Tadin et al., 2003) , is a stimulus duration that is too brief to elicit eye movements, yet is long enough for naïve participants to confidently perform the task. Our data does not suggest that the differences in outcomes previously observed between the motion suppression (Betts et al., 2005) and contrast suppression (Karas & McKendrick, 2009 tasks in older adults result from alterations to adaptation processes.
Our experiments tested planned hypotheses regarding the effects of contrast and adaptation, however, there are numerous other factors that may contribute to the previously observed differences in outcomes between centre-surround contrast suppression tasks and motion discrimination tasks in older adults (Betts et al., 2005; Betts, Sekuler, & Bennett, 2009; Karas & McKendrick, 2009 . Two obvious experimental differences are: (a) the use of static versus drifting gratings; and (b) memory requirements. We have previously shown that the presence or absence of motion cues does not explain the finding as drifting stimuli still result in increased centre-surround contrast surround suppression in older adults relative to their younger counterparts (Karas & McKendrick, 2012) . In terms of memory requirements, the tasks measured here used a 2IFC design that requires observers to remember the first stimulus in order to compare it with the second. The motion task however is a 2AFC task where only one stimulus is presented per judgement. Undoubtedly, memory deteriorations have been related to the ageing process (Craik, 1994; Petersen et al., 1992) . However, we have previously considered this issue by increasing the inter-stimulus interval (ISI) from 500 to 1000 ms for the contrast task (Karas & McKendrick, 2012) . Older adults showed consistent contrast suppression across this ISI range, suggesting that the first stimulus could be adequately used for comparison even when the time between first and second stimuli was prolonged (Karas & McKendrick, 2012) . Furthermore, the no-surround data collected herein and in previous studies (Karas & McKendrick, 2009 shows similar reliable contrast matching for both younger and older ages implying no between group difference in task difficulty. Consequently, the combination of evidence from previous works and the present study does not support a simplistic experimental design driven cause for the outcomes.
Conclusion
This study demonstrates that the contrast of the centre and the surround are important to reveal the impacts of healthy normal ageing on perceptual surround suppression of contrast. Increased surround suppression for older observers is more prominent for lower centre contrasts, and persists for short duration stimuli. Our experiments suggest that it is unlikely that surround suppression differences with advancing age are due to a weakening of rapid timescale surround adaptation. Given that most natural visual tasks involve the extraction of visual objects of interest from suprathreshold contrast backgrounds, an understanding of how ageing impacts on relevant underlying suprathreshold contrast mechanisms is important to understand visual function of elders and to potentially manipulate environmental factors to improve visual performance.
